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This work is aimed at evaluating the catalytic performance of Pd/C catalysts based on size-controlled
nanoparticles (mean size 10–50 nm). Carbon black was used as support and the catalysts were tested
in the aqueous phase hydrodechlorination of 4-chlorophenol. The Pd precursor was reduced with a
methanol/water (10% vol.) mixture in the presence of PVP (PVP/Pd molar ratio 5–35) as capping agent.
The performances of unsupported Pd–PVP colloidal nanoparticle and the catalysts prepared by impreg-
nation of them on the carbon black (ex-situ synthesis), reduction of the precursor in the presence of that
support (in-situ synthesis) and wetness impregnation were compared. The ex-situ preparation with less
content of PVP (PVP/Pd molar ratio of 5) boosted the activity of the Pd–PVP nanoparticles from 16.8 to
167 mmol gPd1 min1 showing the role of the support in enhancing the catalytic performance. The in-
situ synthesis with less content of PVP (PVP/Pd molar ratio of 5) resulted in catalysts with lower activity
than that prepared by ex-situ synthesis, although they exhibited higher ability to hydrogenate phenol to
cyclohexanone and cyclohexanol, which can be related to the morphology of the nanoparticles synthe-
sized. Regardless of the type of synthesis, as PVP dose in synthesis increased, activity and selectivity to
hydrogenation products decreased. High activity values were obtained (20–167 mmol gPd 1 min1) taking
into account the high mean size of the Pd nanoparticles in the catalysts.
 2016 Elsevier B.V. All rights reserved.1. Introduction
Catalysis has a great relevance in the chemical industry, consid-
ering the fact that 85–90% of all the chemical products need of a
catalyst at any step during their production [1]. Heterogeneous
catalysis has also a high economic impact, particularly in the
chemical industry and refinery processes [2]. The most common
ways to prepare supported catalysts at industrial scale are the pre-
cipitation and impregnation methods [3]. Catalysts of high activity
and selectivity can be obtained by these methods, although the
final dispersion of the active phase cannot be fully controlled
during the synthesis. Due to the insufficient control of the finalstructure of the catalysts, an optimum catalytic performance can-
not always be ensured. Thus, the improvement of catalysts is usu-
ally achieved by a trial-and-error-based approach rather than
through rational design [4]. This fact is particularly critical in the
case of noble metal-based catalysts, since their high cost makes
necessary an efficient use of them. For these reasons, the research
on tailored catalysts has been gathering significant attention dur-
ing the last years, as shown in Fig. S1 (Supplementary Material).
Particularly, the research efforts have been focusing on improv-
ing catalysts performance through the control of variables with
potential influence on activity/selectivity. The most relevant are
those related to the active phase, i.e. nanoparticles (NPs) size
[5–8] and shape [9–12], and to the support, mainly pore size
[13–16] and surface chemistry [17–20], but also the way of cata-
lysts synthesis can affect the activity and/or selectivity [21,22].
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the active phase size enable the study of the influence of NP size
on the activity and/or selectivity [23]. Among these methods,
chemical reduction is widely used due to its simplicity and effec-
tiveness to control NP size [24]. That method is based on the reduc-
tion of a metal precursor by a reducing agent (e.g. alcohols, NaBH4,
N2H4) in the presence of a capping agent that avoids uncontrolled
NP growth and agglomeration. Commonly used capping agents are
polyvinylpirrolydone (PVP), polyvinylalcohol (PVA) and
polyethyleneglycol (PEG), among others. The type and concentra-
tion of both reducing agent and capping agent are reported to have
influence on the NP size [8,25–27]. Moreover, the role of the
remaining capping agent after synthesis in the catalyst perfor-
mance is still controversial. It has been reported that the capping
agent blocks active centers and its removal is needed to enhance
the activity [28]. However in other cases, higher activity and selec-
tivity to desired products was ascribed to the presence of the cap-
ping agent [29]. Other authors also observed that the capping
agent blocked active centers, diminishing activity, but selectivity
to desired products was significantly improved [30–33]. This fact
could be of great interest for the future design of tailored catalyst,
if a balance between the loss of activity and the selectivity
improvement could be reached. This promising topic is now gath-
ering much attention.
An interesting case is that of hydrogenation/hydrodehalogena
tion reactions, where a number of authors have reported that the
activity and/or selectivity can be significantly affected by the size
of the active phase [34–37]. Most of the attention has been paid
to obtain supported catalysts based on size-controlled NPs in a
range of size considered of special interest for catalysis, usually
under 10 nm, to assess structure-sensitiveness [36,38–40]. Never-
theless, size-controlled synthesis of catalyst with ranges of NP
sizes beyond 10 nm are less studied, in spite of some authors have
reported higher activity at the top of their ranges of size studied
(10 nm) [38,41]. Particularly, in gas phase hydrodechlorination
(HDC) reactions, a number of works on catalysts synthesized with-
out control of NP size showed that decreasing metal active phase
dispersion was related to increasing activity, whereas in liquid
phase HDC reactions the results are not conclusive on that respect
[42]. Especially, in the case of aqueous phase HDC, works on the
preparation and testing of size-controlled supported-catalysts with
NP size over 10 nm are scarce.
Regarding to the supports, among the different materials used
in catalysis such as aluminium oxides, magnesia, titania, zirconia,
silica, zeolites, etc., the carbon materials can be highlighted due
to their relativity inertness, facility to recover active phase or their
tunable properties, among others [43]. Particularly, carbon blacks
(CB) have been widely used as catalysts supports in several reac-
tions such as hydrogenation [44,45], oxygen reduction [46] and
electro-oxidation [47], being their good electrical conductivity
one of the most remarkable properties that seems to play a signif-
icant role in catalysis [44,47,48].
The surface chemistry of carbons is of special interest, since it
drives the dispersion of the active phase through the surface func-
tional groups [49]. Calvo et al. [17] reported that the presence of
carboxylic acid and lactone surface groups in activated carbons
were relevant to obtain Pd-based catalysts with both high conver-
sion and selectivity to the less toxic product, in the HDC of
4-chlorophenol (4-CP). Burgess et al. [50] found that Au NPs
showed a better dispersion on a graphite surface containing hydro-
xyl groups than on a ketone-covered graphite surface. Thus, the
study on the influence of the support surface chemistry on cata-
lysts activity/selectivity can be also considered a useful tool which
can help to design future tailored catalysts.
In the current work different approaches are considered to
improve the performance of Pd/C catalysts in the aqueous phaseHDC of 4-CP. The preparation of the catalysts is based on the
in-situ synthesis of Pd NPs using a carbon black as support, leading
to NPs with mean size above 10 nm. The variables considered
include the concentration of capping agent in the NP synthesis
and the relative abundance of surface functional groups on the
support. The results are compared with those from catalysts pre-
pared by traditional wet impregnation and ex-situ synthesis with
size control, and with unsupported Pd NPs synthesized in a previ-
ous work [27]. Therefore the work is aimed at acquiring insight
potentially applicable in the rational design of catalysts.2. Experimental
2.1. Materials
PdCl2 (99%), poly(N-vinyl-2-pyrrolidone) (average molecular
weight: 40.000) and HCl (37%) were purchased from Sigma–
Aldrich Co. Methanol (>99%) and HNO3 (65%) was acquired from
Panreac Quimica S.A.U. Hydrogen (>99%) was supplied by Praxair.
CB (acetylene, 100% compressed, 99.9%) was purchased from Alfa
Aesar GmbH.2.2. Preparation of catalysts
2.2.1. In-situ preparation
Pd (II) chloride (0.5 mmol), 0.2 N HCl (1 mmol) and distilled
water (250 mL) were mixed to obtain H2PdCl4 (2  103 M) pale-
yellow aqueous solution. An aliquot of 30 mL of the 2  103 M
H2PdCl4 solution was mixed with 70 mL of methanol (10%, v/v)
solution and a known amount of CB to obtain 0.5% Pd/CB (nominal
weight ratio). Different amounts of PVP were added to achieve
PVP/Pd molar ratios between 5 and 35. The mixture was refluxed
in a 250 mL flask connected to a Liebig condenser for 3 h under
atmospheric pressure to achieve reduction to Pd NPs in the pres-
ence of the support, i.e. in situ synthesis of NPs. Then, the catalysts
were filtered through a 0.45 lm nylon filter and dried overnight at
60 C. TXRF analysis of the filtrate resulted in Pd concentration
under the detection level, indicating that the precursor was
reduced quantitatively. Therefore, no formation of NPs took place
in the bulk solution or those formed were adsorbed on the support.
CB was used as support as received and also after oxidization
(CBox) with HNO3, as described elsewhere [17].2.2.2. Ex-situ preparation
Firstly, colloidal PVP–Pd NPs were synthesized through
chemical reduction method using methanol (10%, v/v) and PVP
(PVP/Pd = 5–35 mol/mol), as described elsewhere [27]. Secondly,
0.5% Pd/CB (nominal weight ratio) catalysts were prepared by
mixing a known volume of colloidal PVP-Pd NPs and CB in a rotary
evaporator (Büchi) under vacuum up to dryness. Therefore, the
catalysts contained all the PVP used during the colloidal synthesis.
Finally, the catalysts were dried overnight at 60 C.2.2.3. Wet impregnation preparation
The support was impregnated with a known amount of PdCl2
dissolved in 0.1 N HCl in order to obtain a 0.5% Pd/CB (nominal
weight ratio) catalyst. The catalysts were dried at room tempera-
ture for 2 h and overnight at 60 C, calcinated at 200 C during
2 h, and finally reduced under 50 mL min1 H2 flow at 100 C dur-
ing 1 h.
The notation and synthesis conditions for the catalysts studied
are summarized in Table 1.
Table 1
Synthesis conditions for the Pd/C catalysts, size and size distribution of NPs and activity in the HDC of 4-CP.
Catalyst Type of synthesis Support Methanol conc. (%, vol) PVP/Pd (mol/mol) ds (nm) rs (nm) Activity (mmol/gPd min)
I10 In-situ CB 10 – 50 23 20.7
I10ox In-situ CBox 10 – 142 70 4.1
I10PVP5 In-situ CB 10 5 12 6 63.9
I10PVP20 In-situ CB 10 20 22 9 28.4
I10PVP35 In-situ CB 10 35 42 18 21.7
WI w.i.b CB – – 3 2 63.7
E10PVP5 Ex-situ CB 10 5 15 12 167.2
E10PVP10 Ex-situ CB 10 10 13 8 59.9
E10PVP20 Ex-situ CB 10 20 10 4 18.4
E10PVP35 Ex-situ CB 10 35 3 1 8.8
Series 10a Ex-situ – 10 5 13 7 16.8
Series 11a Ex-situ – 10 20 11 3 17.2
Series 12a Ex-situ – 10 35 3 1 25.3
a Unsupported size-controlled Pd NPs obtained in our previous work, Ref. [25].
b Wetness impregnation.
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The supports were characterized by elemental analysis (LECO
CHNS-932), nitrogen adsorption–desorption isotherms at 77 K
(Quantachrome Autosorb I) and temperature programmed desorp-
tion (TPD). For TPD the samples were heated up to 900 C in He
flow at a 10 C min1 rate and the CO and CO2 evolved were ana-
lyzed by a non-dispersive infrared absorption analyzer (Siemens,
model Ultramat 22). The catalysts were characterized by XRD
(X’Pert PRO, Panalytical, CuKa-radiation, scanning for 2h = 35–
55, step size 2h = 0.0167, count time 200 s), STEM/EDS at
300 kV (FEI, Tecnai F30). Software ‘ImageJ 1.44i’ was used for
counting and measuring nanoparticles on digital TEM images
(more than 200 nanoparticles were measured per image).
Surface-area-weighted mean diameters (ds ¼
P
nid
3
i =
P
nid
2
i ) and
size distribution, characterized by the standard deviation
(rs ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP ðdi  dsÞ2=n
q
), were calculated. XPS characterization
could not be performed due to low signal, which was ascribed to
low metal weight ratio and large size of the nanoparticles. In addi-
tion to this, PVP surrounding Pd particles could contribute to that
weak signal.2.4. HDC runs
HDC tests were performed in a jacketed glass reactor (303 K,
1 atm) during 4 h under 50 N mL min1 H2 flow rate, using intense
stirring (600–800 rpm) to facilitate hydrogen distribution through
the 4-CP solution (150 mL). A cold trap was placed at the vent to
check any possible stripping, but no significant stripping was
detected. The initial concentration of 4-CP was 100 mg L1 and
the catalyst load was 2.5 103 g L1 of Pd. The liquid samples
(1 mL) were collected and filtered (PTFE filter, pore size 0.22 lm).
A High Performance Liquid Chromatography equipment (Varian
Prostar, UV–VIS detector) using a C18 column as stationary phase
and a mixture of acetonitrile and water (1:1, v/v) as mobile phase,
was used to analyze 4-CP and phenol. Cyclohexanone and cyclo-
hexanol were analyzed by a GC/FID (GC 3900 Varian) using a
30 m long  0.25 mm i.d. capillary column (CP-Wax 52 CB, Varian)Table 2
Elemental composition and textural properties of CB and CBox supports.
Support Elemental composition
(w %)
Specific surface area (BET)
(m2 g1)
Micropore vo
(cm3 g1)
C H N
CB 97.99 0.08 0.03 76 <0.001
CBox 97.30 0.19 0.05 66 <0.001and nitrogen as carrier gas. The quantification of chloride ion was
performed by ion chromatography (Metrohm 790 Personal IC). The
carbon and chlorine balances matched always above 93% (93.1–
99.0%) and 97% (97.4–98.3%), respectively.
Preliminary control 4-CP HDC experiments with different PVP
loads were carried out to check any potential interaction between
4-CP, H2 and PVP in the absence of catalysts. No effect of PVP was
observed and no reaction products were detected in the absence of
catalyst. Different loads of catalyst and stirring velocities were also
checked, confirming that the process takes place under chemical
control. The rate of 4-CP disappearance was calculated from a
pseudo-first order equation:
ðr4cpÞ ¼ dC4cpdt ¼ k1  C4cp
t ¼ 0;C4cp ¼ C0
ð1Þ
The concentration of hydrogen can be included in the pseudo-
first-order rate constant (k1), since hydrogen is in great excess.
The catalysts activity was calculated from the k1 values, the 4-CP
initial concentration and the Pd dose used in the experiments,
according to equation [2]. The activity values are included in Table 1
a ¼ k1  C04CPCPd ð2Þ
where CPd corresponds to the Pd concentration.
3. Results and discussion
3.1. Characterization of the supports
Table 2 summarizes the elemental composition and porous
structure of the supports tested. As shown, the relative contribution
of C decreased and that of H increased (twofold increase) when CB
was oxidized (CBox). CB exhibited a low specific surface area of
76 m2 g1, which diminished to 66 m2 g1 for CBox, probably due
to partial blockage of pore entrances due to surface oxygen groups
(SOG) [51,52]. In both cases it corresponded essentially to the so-
called external area, namely the non-microporous area, thusmaking
possible the comparisonof the supports and synthesismethodswith
a minimum crossed effect of the porous structure. Fig. 1 shows CO2lume Mesopore volume
(cm3 g1)
CO2 evolved (lmol/g) CO evolved (lmol/g)
0.099 59 222
0.091 83 278
Fig. 1. CO (up) and CO2 (down) TPD profiles for CB (black) and CBox (red). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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groups (SOG) were successfully generated. Figueiredo et al. [53,54]
assessed the different SOG to CO2 of CO evolved within given tem-
perature ranges. Thus, according to that and looking at the profiles
of Fig. 2, the SOGgenerated inCBox,wouldmainly correspond to car-
boxylic aswell as anhydride and lactone groups. It has been reported
that nitric acid oxidation introduces large amounts of carboxylic
groups, togetherwith phenol and carbonyl in comparisonwith oxy-
gen oxidation, which creates mainly phenol and carbonyl groups
[55]. Although, the amount of SOG, even in the case of CBox, seems
low taking into account the CO2 andCOevolveduponTPD, those val-
ues referred to per unit surface area are comparable to the reported
in the literature for other oxidized carbons [56].3.2. Characterization of the catalysts
3.2.1. TEM characterization
Figs. 2a and 2b depict typical TEM images and NP size distribu-
tions for representative catalysts samples and Table 1 shows the
NP mean diameter and size distribution based on standard devia-
tion for all the catalyst prepared.
Awide range of bothmetallic phasemean diameters (3–142 nm)
and size distributions were obtained (2–70 nm). Table 1 shows that
the size of the PdNPs obtained by in situ synthesis in the presence of
PVP was significantly larger than that of unsupported Pd NPs
(I10PVP20 vs Series 11; I10PVP35 vs Series 12) prepared using
equivalent conditions, with the exception of I10PVP5, whose
nanoparticle size (12 nm) and size distribution (7 nm) was similar
to Series 10. Thus, the growth of Pd nuclei, rather than nucleation,
is favoredwhen PVP concentration is high during the in-situ synthe-
sis. However, PVP allowed some size control, as it can be observed
from the significantly larger size of the active phase obtained by
in-situ synthesis in the absence of that capping agent (I10, I10ox).
It is remarkable that the I10ox catalysts showed the highest mean
diameter and broader size distribution, suggesting that the SOG
generated on the support did not act as anchoring sites for the Pd
precursor favoring nucleation and dispersion, probably because
the interaction of the surface groups with the water/methanolmixture during the synthesis. The catalysts prepared by ex-situ syn-
thesis showed similar size of Pd NPs compared to those of unsup-
ported NPs synthesized with an equivalent PVP/Pd molar ratio.
Regarding to the morphology, most of the NPs show irregular
polyhedral-like shape for the catalysts prepared by in-situ proce-
dure, whereas the ex-situ ones mostly showed pseudo-spherical
NPs. That difference in shape could be ascribed to the effect of
the solid support presence in the synthesis medium in in-situ syn-
thesis. It has been reported that the reducing conditions during
colloidal synthesis play a key role in controlling the nucleation
and growth of NPs. The support favors heterogeneous nucleation
and decreases the rate of nanoparticle formation by hindering
the diffusion of the reducing agent in in-situ synthesis [57]. Thus,
when reduction takes place at a sufficiently high rate, e.g. in
absence of support, the final NPs acquire thermodynamically
favored shape (theoretically cubo-octahedron, which is nearly
spherical-like shape), minimizing, thus, the surface area and the
total interfacial free energy; however, when reduction becomes
slow by the presence of the support, the final NPs show a range
of shapes deviating from the thermodynamically favored ones [58].
The formation of NPs in the bulk liquid could be expected in
some extent during the in-situ synthesis, leading to conditions
similar to those for ex-situ synthesis and the formation of small
NPs. However, the results indicate that the formation of large
nanoparticles prevails in the synthesis in presence of the support.3.2.2. XRD characterization
Fig. 3 depicts XRD for the catalysts prepared by the in-situ
method. Due to the low Pd loading the diffractograms were
focused between 35 and 55 2h-degrees in order to enhance the res-
olution of the main diffraction peaks observed. Two main peaks
characteristic of face-centered-cubic (fcc) crystalline Pd, corre-
sponding to the planes (111) and (200), can be observed in all
the catalysts. Centered around 2h = 43 appears the (10) reflexion
band of graphitizing carbon in the CB.3.3. HDC experiments
3.3.1. Catalysts activity
The removal of 4-CP by adsorption on CB and CBox in prelimi-
nary runs was almost negligible (1%), in good agreement with
the low surface area (66–76 m2 g1) of the supports. HDC runs
using bare CB without Pd showed almost negligible 4-CP conver-
sion (<2%). The time course of 4-CP conversion obtained with all
the catalysts prepared are depicted in Figs. 4 and 5. High conversion
values were obtained (>95%) after 4 h reaction in all cases, but a
wide range of activity values from 4.1 to 167.2 mmol gPd1 min1
were calculated.
Comparing the catalysts prepared with the oxidized CB support
in the in-situ synthesis without PVP (I10ox) with that obtain under
equivalent conditions but with the as received support (I10), an
important difference of activity can be observed (4.1 vs
20.1 mmol gPd1 min1, respectively). This can be mostly ascribed
to the differences in Pd NPs size (70 nm and 146 nm, respectively).
Different effects due to support oxidation have been reported for
HDC catalyst prepared by incipient wetness impregnation. Calvo
et al. [17] observed an increase of the activity of Pd/activated car-
bon catalysts in the HDC of 4-CP that was ascribed to surface oxy-
gen groups, whereas Diaz et al. [59] reported lower initial TOF
values for Pd supported on oxidized graphites in the HDC of tetra-
chloroethylene. In the current work, the main cause of the lower
activity of the CBox-supported catalysts must be the poor disper-
sion of Pd on that support during the in-situ synthesis, probably
associated to the interaction of the support with the water/metha-
nol mixture, as indicated before. Therefore, it seems that the type
0 10 20 30 40 50 60 70 80 90 100
0
5
10
15
20
25
30
35
D
is
tri
bu
tio
n 
(%
)
Size (nm)
I10
0 10 20 30 40 50 60 70 80 90 100
0
5
10
15
20
25
30
35
D
is
tri
bu
tio
n 
(%
)
Size (nm)
I10PVP5
0 10 20 30 40 50 60 70 80 90 100
0
5
10
15
20
25
30
35
D
is
tri
bu
tio
n 
(%
)
Size (nm)
I10PVP20
0 10 20 30 40 50 60 70 80 90 100
0
5
10
15
20
25
30
35
D
is
tri
bu
tio
n 
(%
)
Size (nm)
I10PVP35
Fig. 2a. TEM images and Pd NPs size distribution of four selected in-situ prepared catalysts.
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issue for the preparation of catalysts by metal precursor reduction
in the presence of support.
Significant differences were also observed in activity between
the catalysts prepared by in-situ synthesis with and without PVP,
even for a low PVP dosage. The I10PVP5 catalyst showed activityvalues 3-fold higher than those obtained with I10 (63.9 vs
20.7 mmol g1 min1, Pd NPs size 12 vs 50 nm). As the concentra-
tion of PVP increased in the in-situ synthesis, the activity decreased
to a value of 21.7 mmol gPd1 min1, which can be partly ascribed to
the higher size of Pd NPs. However, in the case of ex-situ catalysts,
as the concentration of PVP increased the activity decreased
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Fig. 2b. TEM image and Pd NPs size distribution of ex-situ-prepared catalysts.
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Pd NPs size. Thus, it indicates that the use of capping agents such
as PVP can decreases the activity of the catalysts because of a par-
tial coverage of the active sites [60]. On the other hand, it is worthy
to note the effect of the interaction between the metallic active
phase and the support, resulting in higher activity, at similar Pd
NPs size, for the catalysts prepared with a relative low PVP/Pd ratio(PVP/Pd molar ratio of 5–10) in the presence of the support
(E10PVP5, E10PVP10 and I10PVP5 vs Series 10). This interaction
could be favored by PVP, since I10PVP5 and E10PVP10 showed
an activity equivalent to that of WI, even though the Pd NPs mean
size is much larger (12 and 13 vs 3 nm, respectively). The interac-
tion with the support is more evident in the case of E10PVP5
catalyst, prepared by impregnation of the support by Pd NPs
synthesized in the same conditions than the Series 10 catalyst.
An outstanding activity value (167.2 mmol gPd1 min1) was
obtained, in contrast to the 16.8 mmolgPd1 min1 calculated for
the unsupported catalysts (Series 10). Nevertheless, the results
for catalysts E10PVP20 and E10PVP35 showed activity values
equivalent or lower than those of unsupported NPs synthesized
at equivalent PVP dose. This could be attributed to the excess of
PVP, which is attached to the metal surface or blocking porosity
in higher extent for the ex-situ catalyst, thus hindering the contact
between reactants and the metal surface. In the case of unsup-
ported NPs, the excess of PVP is diluted in the reaction medium.
Table 3
Selectivity to phenol, cyclohexanone and cyclohexanol of the catalysts tested after 4 h
reaction time in 4-CP HDC.
Sample 4-CP conversion
(%)
Selectivity to
Phenol
(%)
Cyclohexanone
(%)
Cyclohexanol
(%)
I10 100 94 6 0
I10ox 96 95 5 0
I10PVP5 100 60 31 9
I10PVP20 100 81 14 5
I10PVP35 100 94 6 0
WI 100 92 8 0
E10PVP5 100 89 11 0
E10PVP10 100 >97 Tracesb 0
E10PVP20 100 >97 Tracesb 0
E10PVP35 100 >97 Tracesb 0
Series 10a 100 100 0 0
Series 11a 100 100 0 0
Series 12a 100 100 0 0
46 J.A. Baeza et al. / Chemical Engineering Journal 294 (2016) 40–48The activity value obtained with E10PVP5 is significantly higher
than those reported in the literature for Pd supported on c-alumina
(0.7 mmol gPd1 min1) [61] and Al-pillared clays (0.3 mmol gPd1
min1) [62], and even for Pd supported on nitrogen-doped carbon
catalysts (55.6 mmol gPd1 min1) [63] or bimetallic RhPd unsup-
ported NPs (67.0 mmol gPd1 min1) [64], studied in previous works.
Fig. 6 depicts the activity values versus Pd NPs mean size. As a
general trend, decreasing the mean NPs size increases the activity
of the catalysts prepared by a similar procedure with the exception
of the ex-situ catalysts, where the excess of PVP on the catalyst
seems to have a dramatic effect on activity. However, some Pd
NPs of similar mean diameter yielded quite different activity, as
it is shown comparing the results obtained with the Series 10,
I10PVP5, E10PVP5 and E10PVP10 catalysts. This behavior can also
be observed when WI and Series 12 are compared, suggesting a
remarkable effect of the active phase-support interaction which
significantly enhances the activity.a Unsupported size-controlled Pd NPs obtained in our previous work, Ref. [25].
b Detectable but unquantifiable (<2 ppm).
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In a previous work [65], we proposed a reaction scheme for
4-CP HDC with Pd/AC catalysts. According to that scheme, 4-CP is
dechlorinated to phenol in a first step and then cyclohexanone
and cyclohexanol result from further hydrogenation of phenol.
Likewise, cyclohexanol is also produced from cyclohexanone
hydrogenation. However, kinetic studies have shown the possibil-
ity of direct conversion of 4-CP to cyclohexanone [61].
Table 3 summarizes the selectivities to phenol, cyclohexanone
and cyclohexanol of the catalysts tested after 4 h reaction time
where almost complete conversion of 4-CP (96–100%) was
achieved in all the cases. It must be remarked that up to 80%
4-CP conversion only phenol was detected as reaction product.
As shown in Table 3, there are no significant differences among
the catalysts prepared by in-situ synthesis in the absence of PVP
regardless the support (oxidized or unoxidized CB). Nevertheless,
when PVP was used in the in-situ synthesis, the selectivity values
drastically varied with the dose of that capping agent, so that
decreasing that dose diminished the selectivity to phenol and
increased that to cyclohexanone due to hydrogenation of phenol.
Furthermore, the I10PVP5 and I10PVP20 catalysts showed higher
selectivity to hydrogenation products, including cyclohexanol,
the most hydrogenated product in the reaction pathway. In the
case of ex-situ synthesis, as PVP concentration increased the selec-
tivity to phenol increased from 89% to more than 97% and that to
cyclohexanone decreased from 11% to negligible values, indicating0 25 50 125 150
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Fig. 6. Activity values versus mean Pd NPs diameter for catalysts prepared by in-
situ synthesis (squares), wet impregnation (circles), colloidal synthesis (triangles)
and ex-situ synthesis (open circles).that not only activity but selectivity is affected by the excess of
PVP. Fig. 7 depicts the evolution of 4-CP, phenol, cyclohexanone
and cyclohexanol concentrations upon reaction time with
I10PVP5, I10PVP20 and the E10PVP5 catalysts. The curves for
I10PVP5 show a faster disappearance of 4-CP consistent with the
higher activity (Table 1) and also a peak for phenol at an earlier
time. This last contrasts with the profile for E10PVP5, which is
the catalysts with highest activity, but has a lower ability for phe-
nol hydrogenation.
By comparing the selectivities of unsupported size-controlled
Pd NPs (Series 10) and the same NPs supported on CB (E10PVP5),0 25 50 75 100 125 150 175 200 225 250
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Fig. 7. Concentration of 4-CP, phenol (ph), cyclohexanone (c-one) and cyclohexanol
(c-ol) versus time curves with the three more selective catalysts towards hydro-
genation by-products.
J.A. Baeza et al. / Chemical Engineering Journal 294 (2016) 40–48 47it can be observed that the CB support and/or its interaction with
the NPs-PVP system provide to the E10PVP5 catalysts some ability
for phenol hydrogenation, although with low selectivity. Likewise,
remarkable differences in selectivity can be observed for the sup-
ported catalysts prepared with and equivalent concentration of
PVP by in-situ (I10PVP5) and ex-situ (E10PVP5) synthesis. Interest-
ingly, these preparation methods lead to Pd NPs with different
shapes (irregular polyhedrical vs. pseudo-spherical as shown in
Fig. S2, Supplementary Material), which has been related to
changes in selectivity [60]. Compared with catalysts reported in
the literature, E10PVP5 has a higher selectivity to cyclohexanone
than the aforementioned Pd/Al-pillared clays [62] and Pd sup-
ported on nitrogen-doped carbon [63] catalysts, but lower than
Pd supported on c-alumina [61].
4. Conclusions
The preparation of Pd/C catalysts with size controlled metallic
NPs, by using PVP as capping agent, is an interesting approach to
enhance the activity and selectivity of catalysts in the aqueous
phase HDC of 4-CP. However, an excess of PVP led to lower activity
and selectivity to hydrogenation products. It is remarkable that
very high activity (up to 167.2 mmol gPd1 min1) and/or high selec-
tivity to hydrogenation products (up to 30% and 9% to cyclohex-
anone and cyclohexanol, respectively) can be obtained with Pd/C
catalysts of Pd NPs mean size over 10 nm. The characteristics and
performance of the catalysts are highly sensitive to the surface
composition of the support. In that respect, using oxidized carbon
black as support led to oversized Pd NPs with a broad size distribu-
tion and low activity. The interaction of the active phase with the
support was also found to be crucial for the catalytic performance.
The activity of Pd-PVP NPs colloids can be increased up to ten-fold
after immobilization on carbon black (ex-situ synthesis) when a
relatively low amount of PVP was used in synthesis (PVP/Pd molar
ratio of 5–10). Moreover, the in-situ synthesis of the catalysts
resulted in lower activity to that for ex-situ synthesis when a
relatively low amount of PVP was used in synthesis, however,
the former exhibited higher selectivity to further hydrogenation
products after the first dechlorination step. High doses of PVP
(PVP/Pd molar ratio of 20–35) in ex-situ synthesis led to signifi-
cantly lower activity, probably due to the excess of PVP that hin-
dered the contact between metal surface and reactants.
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